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in Locomotory Efficiency

BRADA. SEIBEL, ERIK V. THUESEN1

, JAMES J. CHILDRESS,
AND LAURA A. GORODEZKY2

Oceanic Biology Group, Marine Science Institute, University of California.

Santa Barbara. California V3106

Abstract. The metabolic rates of 33 species of pelagic

cephalopods from California and Hawaii were measured

and correlated with minimum depth of occurrence.

Mean metabolic rates ranged from 0.07 ^mol O: g~' h~'

for the deep-living vampire squid, I 'ampyroteuthis infer-

nalis, to 8.79 /imol O2 g
'

h
'

for Gonatus onyx, a verti-

cally migrating squid. An individual of I', infernalis,

which lives within the oxygen minimum layer off Cali-

fornia, had the lowest mass-specific metabolic rate ever

measured for a cephalopod (0.02 ^molO : g"' h~', 1050g
wet weight). For species collected in sufficient quantity

and size range, metabolism was related to body size. Crit-

ical partial pressures of oxygen (P c ) were determined for

Hawaiian and Californian cephalopods. Pt values for

Hawaiian animals were considerably higher than for

those taken off California, a trend that corresponds to the

higher levels of environmental oxygen in the Hawaiian

waters. Buffering capacity (ft) of mantle muscle, assayed

in eight cephalopod species, was used to estimate the ca-

pacity for glycolytic energy production. Mean ft ranged

from 1.43 slykes for a bathypelagic octopod, Japetella

heathi, to 77.08 slykes for an epipelagic squid, Stlieno-

teuthis oualaniensis. Significant declines with increasing

depth of occurrence were observed for both metabolism

and ft. The decline in metabolic parameters with depth
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is interpreted as a decreased reliance on locomotory abil-

ities for predator/prey interactions in the light-limited

deep sea. The decline in metabolism with depth observed

for pelagic cephalopods was significantly steeper than

that previously observed for either pelagic fishes or crus-

taceans. Wesuggest that since strong locomotory abili-

ties are not a priority in the deep sea, deeper-living ceph-

alopods may rely more heavily on means of locomotion

that are more efficient than jet propulsion via mantle

contractions means such as fin swimming or medusoid

swimming utilizing the arms and extensive webbing

present in many deep-living species. The greater effi-

ciency of deeper-living cephalopods may be responsible

for the observation that the decline in metabolic rates

with depth is more pronounced for pelagic cephalopods

than for fishes or crustaceans.

Introduction

Cephalopods are morphologically diverse, visually ori-

enting predatory molluscs. The five groups of extant

cephalopods squids (Teuthoidea), cuttlefishes (Sepi-

oidea), octopuses (Octopoda), vampire squids (Vampyr-

omorpha), and the chambered Nautilus (Nautiloidea)

are easily distinguished by morphological characteristics,

among which are locomotory adaptations to their habi-

tat (Roper et al.. 1984). Locomotory differences are also

reflected in an animal's physiological properties. Previ-

ous physiological studies on cephalopods have primarily

focused on the more commercially important squids,

and on the shallow-water octopuses and cuttlefishes

(Grieshaber and Ga'de, 1976; Baldwin. 1982; O'Dor,

1982; O'Dor and Webber, 1986: Portner et al., 1993).
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Someof these animals are among the most metabolically

active poikilotherms known (O'Dor and Shadwick.

1989), which stems in part from the inherent inefficiency

of jet propulsion. Other studies have investigated the me-

tabolism of Nautilus spp. and its ability to withstand low

levels of oxygen (O'Dor el ai. 1990; Wells el al.. 1992;

Boutilier el al.. 1996). Very little is known, however,

about the physiological adaptations of cephalopods to

the deep sea. The current study is a comprehensive com-

parison of the metabolic rates of midwater cephalopods

living at depths down to 2 km off California and Hawaii.

Many studies have demonstrated a decline in the met-

abolic rates of pelagic fishes and crustaceans with in-

creasing habitat depth (Childress, 1975; 1995; Torres el

al.. 1979; Torres and Somero, 1988;Ikeda, 1988;Cowles

el nL 1991). Additional studies found no clear relation-

ship between metabolism and minimum depth of occur-

rence in chaetognaths and medusae (Thuesen and Chil-

dress, 1993a, 1994). Bathypelagic representatives of

these groups have metabolic rates comparable to those of

their epipelagic counterparts when measured at the same

temperature.

Childress and Mickel (1985) put forth the visual in-

teractions hypothesis to explain the decline in metabolic

rates of fish and crustaceans with increasing minimum

depth of occurrence. They observed that reduced meta-

bolic rates reflect decreased locomotory abilities in many

deeper-living groups. They hypothesized that this de-

crease resulted from relaxed selection for strong locomo-

tory abilities for visually cued predator/prey interactions

in the low ambient light levels of the deep sea. Although

deep-living fishes and crustaceans do possess well-devel-

oped eyes, these are apparently used primarily for in-

teractions via bioluminescence (Marshall, 1979). which

is a relatively weak, often transient light source. Under

these conditions, interactions are likely to take place over

short distances that do not require strong locomotory

abilities (Marshall, 1979; Herring et al.. 1994; Fleisher

and Case, 1995). The visual interactions hypothesis is

supported by the presence of a decline in metabolic rates

of visually orienting pelagic groups (fishes and crusta-

ceans), and by the absence of a decline in non-visually

orienting gelatinous organisms (e.g.. chaetognaths and

medusae).

Cephalopods, like fishes and crustaceans, are highly vi-

sual predators that occupy a range of depths and habitats.

As such, they are an obvious choice for further testing of

the visual interactions hypothesis. In the present study,

the oxygen consumption rates of 33 species of pelagic

cephalopods were measured and correlated with mini-

mumdepth of occurrence. Because of differences in local

productivity and ambient oxygen levels between the two

regions, comparisons between Hawaiian and Californian

animals are used to determine possible effects of oxygen

and food availability on metabolic rates. Buffering ca-

pacity was assayed to indicate an animal's capacity for

anaerobic work (Castellini and Somero, 1981).

Materials and Methods

Cephalopods were captured on nine cruises aboard the

R/V Point Sur and R/V NewHorizon between Septem-

ber 1992 and September 1996. Sampling was done pri-

marily in an area 160 km west of Point Conception, Cal-

ifornia (34 37'N, 1 22 42'W to 34 30'N, 1 23 20'W) and

off Oahu, Hawaii (21 20'N, 158 20'W to 21 35'N, 158

35'W). Animals were collected using an opening/closing

Mother Tucker trawl with a 10-rrr mouth. The net was

equipped with a 30-1 thermally protecting cod end that

reduced mechanical damage and heat shock to animals

during recovery (Childress et ai. 1978). Ship speed was

kept very low (0.5-1 kn) to decrease turbulence and

abrasion in the net and to reduce the number of animals

collected in the cod end. Upon reaching the surface,

specimens were immediately transferred to 5C seawater

and allowed to recover for several hours. Only animals

in the best physical condition were selected for physio-

logical study. Animals were identified to species with the

aid of several sources (Roper et al.. 1984; Sweeney et al.,

1992; Young, 1972; Hochberg, pers. comm.; Young,

pers. comm.). Voucher specimens were preserved for

verification of identifications.

Routine oxygen consumption rates were determined

on board ship by allowing individual specimens to de-

plete the available oxygen in a sealed, water-jacketed

chamber filled with filtered seawater containing

50mgl~' streptomycin (Childress, 197 la). All experi-

ments were carried out at atmospheric pressure because

hydrostatic pressure has been shown to have negligible

effects on the metabolism of a mesopelagic squid, I list i-

oteuthis heteropsis ( Belman, 1978), and on several meso-

and bathypelagic gelatinous zooplankters (Childress and

Thuesen, 1993). Chambers were kept in darkness and, in

most cases, the temperature was maintained at 5C by
means of a refrigerated water bath. Rates for individuals

of some species were measured at either 2, 3.5, 10, or

1 5C and corrected to 5C either using measured Qw val-

ues or according to the methods outlined in Childress et

al. ( 1990). The rate of change of the oxygen partial pres-

sure within the respirometer was monitored using a

Clark-type oxygen electrode (Mickel et al.. 1983) cali-

brated to air- and nitrogen-saturated seawater before and

after each experiment. A magnetic stir pump mixed the

water in the respirometry chamber and maintained wa-

ter flow past the electrode without damage to the ani-

mals. Individual respiration experiments lasted from 2

to 24 h. Oxygen concentrations were averaged over 2-

min intervals and recorded using a coir outer-based data
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acquisition system. The mean rates of oxygen consump-

tion between partial pressures of 30 and 70 mmHg were

used for comparisons because this allowed a period for

the animals to calm down after being introduced to the

chamber and < Jed before oxygen concentrations be-

came lim \ gen consumption rates of the smallest

specimens were measured using glass syringes (3-50 ml)

as miniature respiration chambers (Thuesen and Chil-

dress, 1993a, b) maintained in darkened water baths.

Water samples were withdrawn periodically from the in-

cubation syringe through a three-way valve using a gas-

tight syringe, and the new incubation volume was noted.

The oxygen content of the water sample was then ana-

lyzed using a gas chromatograph.

Oxygen consumption was calculated as micromoles of

oxygen consumed per gram wet weight per hour. At sea,

immediately following respiration experiments, animals

were weighed using a motion-compensated shipboard

precision balance system (Childress and Mickel, 1980).

For additional comparisons, wet-weight-specific rates of

oxygen consumption were corrected by covariance to

10 g by using measured scaling coefficients or an as-

sumed scaling coefficient of -0.20 (Childress el til..

1990). The value of 10 g was chosen because it was the

approximate modal weight of the animals measured.

Both corrected and unsealed values for mean rates of ox-

ygen consumption are presented in Table I.

Mean rates of oxygen consumption were regressed

against habitat depth. Because animals live at a range of

depths, minimum depth of occurrence (MDO) was

taken as the primary description of habitat depth. MDO
is denned as that depth below which 90% of the individ-

uals of a given species are captured in a given region

(Childress, 1975). Ten meters was taken as the MDOfor

animals living at that depth or shallower to avoid distor-

tions in regressions of In-transformed data. MDOrefers

to the adult distribution except for species of the genus

Leachia, as discussed later. For consistency with previ-

ous studies, animals that undergo a strong diel vertical

migration are considered at their shallowest depth
whether day or night. For comparison, regressions

against minimum depth of daytime occurrence (MDdO)
are also plotted. Both MDOand MDdOare listed in Ta-

ble I. Estimates of cephalopod depth were based on col-

lections from a variety of studies as well as on personal

observations and communications (Pickford, 1946:

Roper and Young, 1975; Young, 1978; Lu and Roper,

1979; Roper el al.. 1984; Sweeney el al., 1992; James

Hunt, MBARI, pers. comm.).

Regulation of oxygen consumption was measured by

plotting specific rates of oxygen consumption versus par-

tial pressures of oxygen. The critical partial pressure (P c )

was taken as the point at which oxygen consumption was

no longer maintained independent of oxygen concentra-

tion. The P, was determined by calculating regression

lines for the two distinct parts of the relationship between

oxygen consumption and Po2 < the regulated (higher Po2 )

segment and the highly sloped (low Po2 ) segment. The Pc

was designated as the intersection of these two lines.

In vitro buffering capacity (0) of mantle muscle, due

to non-bicarbonate buffering compounds, was assayed

following the methods ofCastellini and Somero (1981).

is defined as the micromoles of base needed to change
the pH of the homogenate by 1 pH unit per gram wet

weight of muscle tissue. A unit of is termed a "slyke."

Although many cephalopod species use fins for sustained

aerobic swimming, most cephalopods rely on mantle

musculature for jet propulsion during burst escape re-

sponses (Baldwin, 1982). For this reason, and because it

usually represents the largest percentage of body mass,

mantle tissue was chosen for measurements of buffering

capacity. Muscle tissue was homogenized at a dilution

of 1:20 (weight:volume) in normal saline (0.9% NaCl).

Homogenates were equilibrated to 20C and stirred con-

tinuously during experiments. Homogenates were ti-

trated from pH 6 to 7 using 0.2 A' NaOH(less concen-

trated NaOHwas used for animals with extremely low

buffering capacities to get a sufficient number of points

in the titration curve). If the homogenate had an initial

pH greater than 6.0, it was acidified by the addition of

HC1 before the titration. As observed by Castellini and

Somero (1981), more weakly buffered muscles yielded

curves that tailed upward at pH values near 7.0 and

above. In these cases, the linear portion of the curve (usu-

ally between pH 6.0 and 6.5) was used for calculating fl.

An Orion digital research ionalyzer (model 701 A) was

used with a glass pH electrode for monitoring pH
changes. A microburet was used to add the NaOHsolu-

tion.

All data analyses were performed with Statview II or

SuperANOVA statistics programs (Abacus Concepts,

Inc., Berkeley, CA). Simple linear regressions, / tests, and

analysis of covariance ( ANCOVA)were used. Mean val-

ues given are followed by the standard error. All regres-

sions were carried out on In-transformed data to linear-

ize the data and maintain consistency with previous

studies. The figures, however, are semilog plots. Confi-

dence intervals for regression exponents are at the 95%<

level, P values for regression coefficients are F tests. AN-
COVAwas used to test whether the slopes and elevations

of the various relationships were significantly different

from zero and from each other. Regression slopes were

declared significant when their slopes differed from zero

at the 5%confidence level.

Results

The metabolic rates of 33 species of pelagic cephalo-

pods from four orders are presented in Table I. An indi-
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Figure 1. Mean oxygen consumption rates (y
= /tmol O?g 'h ')of

23 species of pelagic cephalopods as a function of minimum depth of

occurrence (A
= meters). There is a significant decline in metabolism

with minimum depth of occurrence for California () species (r
=

707.7.Y
' :5 '

", P = 0.001: R- = 0.68) and Hawaiian (D) species (;
=

264.0.Y"
1 - 05 -

-": P = 0.001: R- = 0.87). There is also a significant de-

cline in metabolism with minimum depth of daytime occurrence for

both Calilbrnian ( -)species(r= 1.54*10
s

.v
107 -

": P = 0.01: R2 =

0.43) and Hawaiian (....) species ( v =1.1 2* 10V 2 24 = ' 65
; P = 0.002:

R: = 0.62). Results of ANCOV.A show that there is not a significant

difference in the slopes or magnitudes of the regressions of Californian

and Hawaiian animals at either MDOorMDdO(P>0.4).

vidual of Vampyroteuthis infernalis. which lives within

the oxygen minimum layer between 600 and 800 m, had

the lowest mass-specific metabolic rate ever measured

for a cephalopod (0.02 ^mol O: g~' h"
1

, 1050g wet

weight), r. infernalis had the lowest mean rate as well

(0.07 0.03 jumol O2 g~
'

h~
'

;
=

1 5, 223.4 g mean wet

weight). Gonatus onyx, a shallow-living vertical migra-

tor, had a mean metabolic rate of 8.79 ^mol O: g
'

h '.

the highest rate measured in this study. Rates corrected

to 10 g of wet weight ranged from 0.06 ^mol O: g~' h~'

for I '. infernalis measured off Hawaii, to 6.55 ^mol O:

g"
1

h"
1

for Gonatus onyx. The mean rate presented here

for Histioleuthis heteropsis, 1 .02 0. 1 5 /umol O: g
'

h
'

(0.87 /umol O: , corrected to 4.25 g for comparison with

published values), is comparable to the value of

0.83 jumol O: g
'

h ', 4.25 g mean wet weight (Belman,

1978), the only other measurement of this kind available

for a midwater cephalopod. Most physiological studies

of cephalopods have been done on fast-swimming epi-

pelagic squids that are capable of avoiding midwater

trawls. DeMont and O'Dor ( 1984) reported a metabolic

rate of 14 ^mol O2 g"
1

h
'

for Illex illecebrosus at rest

and 56 jimol O; g~' h"
1

at 100% activity (100-g animal,

13C measurement temperature). These rates are similar

to those observed for Loligo forbesi by Boucher-Rodoni

and Mangold (1989).

Even with the exclusion of the faster epipelagic squids,

a significant decline in mean metabolic rate (r) with

MDO(A) was observed for both Californian and Hawai-

ian pelagic cephalopods (Fig. 1). There was no significant

difference in either the slope (ANCOVA; P = 0.47) or the

elevation (ANCOVA; P = 0.98) of the regression lines

between Californian (r = 707.7.V'
1 -- 5(I - 5S

; P = 0.001; R:

= 0.68) and Hawaiian (v
= 264.0^' 05055

; P = 0.001;

R2 = 0.87) species. A significant decline in metabolic rate

(v) with minimum depth of daytime occurrence

(MDdO) was also observed for both Californian and Ha-

waiian pelagic cephalopods (Fig. 1). Because of the ab-

sence of vertical migration among the deepest living spe-

cies, estimates of daytime depth (x) result in a signifi-

cantly steeper slope (ANCOVA; P = 0.002) for both

Californian (r
= 1.54*10V 307 :

"; P = 0.012; R2

0.43) and Hawaiian (.r
= 1.12*10V 224 ' 65

; P = 0.002;

R2 = 0.62) regressions.

Normalization of metabolic rates to 10 g wet weight
did not have a significant effect on the slopes or eleva-

tions of Hawaiian or Californian regressions against

MDOor MDdO. The regression of cephalopod metabo-

lism corrected to 10 g against MDO(Fig. 2) had a sig-

nificantly steeper slope than the slopes for both fishes

(ANCOVA; P = 0.004) and crustaceans (ANCOVA: P =

0.001) (data from Childress, 1975; Torres et al.. 1979).

This relative steepness is driven both by higher metabolic

rates among shallower animals (cephalopods living at

100m have metabolic rates comparable to fishes and

crustaceans living at the surface) and by lower metabolic

rates among some deep-living cephalopods. It is interest-

ing that the squids (order Teuthoidea) living below

300 m had significantly higher metabolic rates than

other cephalopods (orders Octopoda and Vampyromor-
pha) (unpaired t test. P = 0.000 1 ). The metabolic rates of

teuthoids (r =
1 17.9.Y

~" sil " [S
;
P = 0.0001; R2 = 0.66)

and octopods with I 'ampyroteuthis infernalis (y
=

16.8.V"
- 74 *"- 12

; P = 0.0007; R2 = 0.87) alone still decline

with depth with a significantly steeper slope than either

fishes or crustaceans.

Several specimens were excluded from the above anal-

yses and are plotted separately (Fig. 3) because small

numbers of captures and various life-history characteris-

tics (i.e., ontogenetic vertical migration, or pelagic stages

of otherwise benthic animals) make depth distributions

and metabolic data difficult to interpret. Inclusion of

these species into the regression using roughly estimated

MDOsdoes not significantly alter the slope or elevation

of the regression of cephalopod metabolism with mini-

mumdepth of occurrence. OcythoetuberculatasndAm-
p/iitretus pelagicus (both pelagic octopods). planktonic

juveniles of the benthic octopus Octopus nibescens, and

seven species of the family Cranchiidiv: (Teuthoidea)

were among those excluded.
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Table I

Metabolic rales and weigh/ and depth data for 33 species oj pelagic cephalopodsfrom California and Hawaii

Depth (m)*
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Figure 2. Oxygen consumption rates of cephalopods (). fish ( ).

and crustaceans (D) normalized to 10 g wet weight and 5C as a func-

tion of minimum depth of occurrence. Results of ANCOVAshow that

the slope of the regression for cephalopods is significantly steeper than

for either fish (P = 0.004) or crustaceans (P = 0.001 ) (data from Chil-

dress, 1 973: Torres el a!.. 1979).

The one specimen ofOcythoetiiberculata measured in

this study was a male caught in an oblique tow from

2500 m to the surface. The animal's excellent physical

condition upon reaching the surface suggests that it was

caught at a shallow depth near the end of the trawl, but

very little is known about its vertical distribution. It had

a metabolic rate of 4.17 ^mol O2 g
'

h '. The specimen
of Amphitretus pelagian measured was captured in a

closing net at night between 700 and 820 m. There is

some evidence that the juveniles of the species are found

shallower than the adults, but adults have been captured
as shallow as 250 m at night (Roper and Young, 1975).

Nothing is known of its daytime distribution. Its meta-

bolic rate (0.10 /^mole O: g
'

rT
1

) is very close to that of

other deep-living pelagic octopods and to I'ainpyro-

teitthis injernalix.

Seven species of the family Cranchiidae were mea-

sured in this study. Limited data and questionable ver-

tical distribution information failed to reveal a signifi-

cant relationship with depth in these species. He/ico-

cranchia pfc/fcri had the highest corrected (to 10 g wet

weight) metabolic rate among the Cranchiidae

(0.59 //mol O: g'
1

h~', n =
6), but was not significantly

different from other cranchiid species. Because many
cranchiids undergo an ontogenetic migration (Young.
1975a, b), MDOwas difficult to pinpoint. In the case

of Leachia pacifica and Leach ia dislocata, minimum
depth refers to the larval habitat. Individuals of this spe-

cies spend the majority of their lives in epipelagic waters

and then migrate suddenly to great depths where matu-

ration and spawning occur (Young, 1975a). The speci-

mens of L. pacifica measured in this study were cap-

tured in shallow water, so its minimum depth is listed

here as 50 m. Certainly for most of its life, L. pacifica is

subject to the selection regime associated with epipela-

gic waters. Gal it cut his phyllnra, //. pfefferi, and Lio-

c
o
0.

E

1
o
O
c

1 ;

o
E

O.IT

200 400 600 800

Minimum Depth of Occurrence (m)

1000

Figure 3. Mean oxygen consumption rates (jimol O: g
'

h ') normalized to a wet weight of 10 g (as-

suming a scaling coefficient of -0.20) of seven species from the family Cranchiidae (A) as a function of

habitat depth (m). The slope of the regression line is not significantly different from zero (P =
0.57). The

regressions of Californian ( ) and Hawaiian ( ) cephalopods other than cranchiids are plotted as a

function of minimum depth of occurrence for comparison (from Fig. 1 ). Ocvlhoc tubcmilalu (D) had an

oxygen consumption rate of 4. 17 ^mol O: g
'

h '. Paralarval Octopus nihi:\ccn\ ( ) had a mean oxygen

consumption rate of 7.27 fimol O: g
'

h '. Amphitretus pelagicus (x) had a metabolic rate of OJ

2 g 'h '.
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Table II

Critical oxygen partial pt
"

weight-specific oxygen consumption rale* ( MO: . ninol O2 x
'

<'

CM). anilQiu value-, foi agici cfihalopotls with different life-history characteristics

h ') as a function o/ hotly cii;/ii

Species
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Figure 4. Mean oxygen consumption rates (/imol O: g 'h '(aver-

aged o\er 2-min intervals as a function of available oxygen (mm Hg)

at 5C. Individuals from five species are plotted. Mean critical partial

pressures are 7.2 1.4 mmHg for Vampyroieuthis infemalis (A), 6.1

mmHg for Japetella healhi (). 2 1 .8 3.2 mmHg for Japetella dui-

pluimi (
+ ), 1 1.99 2.28 mmHg for Histioteuihis heleropsis (A), and

1 8.0 for Bathyieuthis ahyssicola (D).

Regulation

The regulation of oxygen consumption at 5C was in-

vestigated in five species of pelagic cephalopods (Fig. 4).

Critical partial pressures of oxygen (P c ) are presented in

Table II. Vampyroteuthis infemalis, which lives perma-

nently within the well-developed oxygen minimum layer

ofFCalifornia, had a mean Pc of 7.2 1 .4 mmHg (n =
6),

which is comparable to that of the mysid Gnathophaitsia

ingens (Childress, 1968; Sanders and Childress, 1990).

One individual of I '. infemalis demonstrated regulatory

abilities down to 3.1 mmHg, considerably lower than

the minimum A> of 6 mmHg found within the Califor-

nia oxygen minimum layer. Similarly, Japetella heathi,

a bathypelagic octopod found off the California coast,

was capable of regulating its oxygen consumption to as

low as 6.1 mmHg (n =
2). Japetella diaphana off Ha-

waii, however, is apparently able to regulate its oxygen

consumption to only 2 1 .8 3.2 mmHg (/;
=

3), despite

a metabolic rate very similar to that observed for J. hea-

thi (Table I). Bathyteuthis abyssicola from Hawaii regu-

lated to 18 mmHg (/;
=

2). The regulatory abilities of/

diaphana and B. abyssicola are consistent with the min-

imum value of 20 mmHg found for the partial pressure

of oxygen within the Hawaiian oxygen minimum layer.

Regulatory abilities were assessed in four individuals of

the vertically migrating squid Histioteuthis heteropsis

captured off California. The mean critical partial pres-

sure was 1 1 .99 2.28 mmHg. One individual regulated

to 6.97 mmHg, consistent with oxygen concentrations

found at its deeper, daytime habitat.

Buffering capacity

The mean buffering capacities (fi) in mantle muscle of

eight species of pelagic cephalopods are listed in Table

III. f3 ranged from 1.43 slykes for the Californian bathy-

pelagic octopod Japetella heathi to 77.08 slykes for the

epipelagic Hawaiian squid Sthenoteuthis oualaniensis.

Significant scaling relationships could not be derived for

any species measured. A significant decline in buffering

capacity (y
=

slykes) with increasing MDO(x = meters)

was observed (.v
= 275.9A-~

() " 7 19
; P = 0.004; R2 = 0.85;

Fig. 5). The slope of this regression is significantly lower

than the slope of the regression of oxygen consumption
with depth (-ANCOVA: P = 0.009).

Metabolic scaling

Regressions of weight-specific oxygen consumption

against wet weight were significant in only three individ-

ual species (Fig. 6). I 'ampyroteuthis infemalis had a scal-

ing coefficient, b. of -0.30 0.10 (P = 0.0001; R2

0.75), with weights ranging from 0.41 to 1050.0 g. Hisii-

oteuthis heteropsis had a scaling coefficient of -0.20

0.09 (P = 0.001; R2 = 0.50), with weights ranging from

0.23 to 36.98 g. The scaling coefficient found for Jape-

tella diaphana was -0.27 0.05 (P = 0.000 1 ; R2 = 0.95).

Weights ranged from 0.02 to 242.17 g. The scaling co-

efficients for all three of these species are consistent with

scaling data available for a wide range of animals

(Schmidt-Nielsen, 1983). Sufficient range in size and

numbers of Chiroteuthis calyx (5.97-89.02 g, n = 11)

and Japetella heathi (0.84- 1 62.5 g, /;
= 11) failed to yield

a significant scaling relationship. Individuals of/ healhi

larger than 10 g appear to follow a scaling pattern similar

to that of/ diaphana, although the relationship was not

significant.

There is a significant increase in wet weight (In y =

grams) with increasing MDO(In .v = meters) among the

species for which oxygen consumption was measured (y
=

1 .22.v -
4.08; P = 0.000 \;R

2 = 0.39). The largest ceph-

alopod measured in this study, an individual of Vam-

pyroteuthis infemalis ( 1050 g), had the lowest metabolic

rate measured (0.02 ^mol O: g
'

h"
1

). Wewere unable

to measure oxygen consumption for the faster epipelagic

squids, many of which reach sizes considerably larger

than any species reported in the present study. Typical

sizes of commercial species range from 0. 1 to 1 .0 kg

(Roper etui. 1984).

Discussion

A decline in metabolic rate with a species' minimum
depth of occurrence (MDO) was obsi ved for pelagic
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Table III

Buffering capacit r '"tie muscle of pelagic cephalopodsfrom California and Hawaii measured al 20C:

wet weight and minimum depth of adult occurrence (MDO) are also given

Species

Wet weight (g)

MDO(m) Range Mean SE Range Mean SE

California
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depth. These include light, productivity, temperature,

phylogeny. neutral buoyancy, vertical and horizontal

migrations, oxygen concentration, and body size, among
others. However, in the discussion below it will become

apparent that the decline in metabolic parameters with

increasing habitat depth most likely reflects decreased lo-

comotory abilities in deeper-living animals. The steep

slope of the regression of cephalopod metabolism with

depth relative to that of fishes and crustaceans may re-

flect the relative efficiencies of locomotion at the surface,

where high speeds are required for visually cued preda-

tor/prey interactions, and at depth, where sit-and-wait

predation strategies are prevalent.

Light and visual interactions

According to the visual interactions hypothesis, re-

duced reliance on visual predator/prey interactions in

the light-limited deep sea decreases selection for locomo-

tory abilities, thus resulting in the lower metabolic rates

observed in deep-living fishes, crustaceans, and cephalo-

pods (Childress, 1995). This idea is supported by the

presence of a decline in metabolism with depth among
these visually orienting groups and the absence of such a

decline among organisms that lack eyes (medusae and

chaetognaths). That light-limited predator/prey interac-

tions affect animal behavior is not a new idea. Light has

long been recognized as a primary controlling factor in

the daily movements of midwater organisms (Kerfoot,

1970). Limits on concealment from predation through

counterillumination determine daytime depth distribu-

tion in some squids and fishes (Young el ai. 1980), and

young cranchiid squids undergo ontogenetic changes

that minimize their visibility at a given light level

(Young, 1975b). These cranchiids can also control the

orientation of their body and eyes to reduce the size of

their own silhouette against surface illumination (Seapy

and Young, 1986). The extent to which animals are con-

cealed from visual predators and prey is suggested here

to strongly influence the evolution of loccmotory abili-

ties and metabolic rates of midwater organisms. The

metabolic rate of Lolliguncida brevis, which is typically

found in complex and shallow coastal waters where op-

portunities for refuge and crypsis are greater, is half that

of the more powerful squid living in open epipelagic wa-

ters. It was suggested that L. brevis is not required to

swim great distances or at high speeds to capture prey or

to escape predators (Finke el a/.. 1996). The metabolic

rates of fishes and crustaceans in benthic habitats, where

opportunities for refuge and crypsis are greater, do not

decline with increasing habitat depth to nearly the extent

observed in pelagic animals (Childress et ai. 1990). The

apparent lack of a decline in metabolic rates among cran-

chiid squids in the present study is probably a result of

concealment from predation through transparency.

Productivity

The food limitation hypothesis suggests that animals

living in relatively food-poor environments such as the

deep sea have evolved lower metabolic rates as a way of

conserving energy (Childress, 1971b; Smith and Hessler,

1974). If this were true, one might expect metabolic rates

of deeper-living species to vary from region to region in

correlation with surface primary productivity. Contrary

to this prediction, comparisons between tropical and

temperate regions of differing productivity have shown

that among pelagic crustaceans living continuously be-

low 400 m, there is no significant variation in metabolic

rate with depth. In fact, shallow-living crustaceans actu-

ally have higher metabolic rates in Hawaii than in Cali-

fornia where productivity is considerably higher (Cowles

et al., 199 1 ). This may indicate an increased demand for

strong locomotion for predator/prey interactions over

greater distances in the clearer, more strongly illumi-

nated surface waters. No significant differences were

found between the slopes or magnitudes of the regres-

sions of metabolism with depth for Californian and Ha-

waiian cephalopods. Although the magnitudes of the re-

gressions were not significantly different, it may be worth

noting that I 'ampyroteuthis infernalis seems (based on

small numbers of captures) to come as much as 100 m
shallower off California than off Hawaii. Similarly, Ja-

petella heathi comes about 100 m shallower off Califor-

nia than does J. diaphana off Hawaii (Roper and Young,

1975; Young, 1978). This may reflect differing light re-

gimes between the two regions.

Temperature effects

Temperature generally has large effects on metabolic

processes. A 10C increase in temperature typically causes

a doubling of metabolic rate (Q\
=

2). Deep-living ani-

mals may be expected to have lower metabolic rates on

the basis of lower temperatures alone. Donnelly and Tor-

res ( 1 988) report that the decline in aerobic metabolism of

midwater fishes and crustaceans with depth in the eastern

Gulf of Mexico is no greater than that due to the decrease

in temperature. However, the observation that metabo-

lism declines with increasing MDOin the isothermal wa-

ters of Antarctica (Torres and Somero, 1988;Ikeda, 1988)

seems to eliminate temperature as the primary factor pro-

ducing lower metabolic rates in the deep sea.

The Qn, values measured here (Table II) fall into two

groups. Vertical migrators, which experience a wider

range of temperatures every day, have typical responses to

temperature, but non-migrators have mu< larger re-

sponses. Non-migrators typically live at or ;:ear 5C and

rarely, if ever, experience temperatures ne 10C. The re-

sponses to temperatures outside the non 1 range for the

species are not expected to be adaptive, few of the non-
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migrators undergo ontogenetic descents through the wa-

ter column. The > iig stages experience a wider range

of temperatures over a relatively short (though unknown)

period of time. Individuals captured during the process of

ontogenetic descent have more typical responses to tem-

perature than do the adults of the species. A Qw of ap-

proximately 20 would be required to explain the slope of

the decline in metabolic rates with depth observed here.

Phytogeny

Harvey and Pagel (1991) warned that interspecific

comparisons may be invalid because phylogeny, instead

of selection, may have played the greater role in deter-

mining the properties of the species. Although there are

obvious phylogenetic effects, the observed variation with

depth in the metabolism of cephalopods, like that of

fishes and crustaceans, is probably not an artifact of phy-

logeny for two reasons (Childress, 1995). First, the phys-

iological and morphological characteristics of related

species seem to diverge as a function of habitat depth.

Single genera or families of fishes and crustaceans often

occupy the entire depth range studied, and the variation

in a characteristic being studied may approach the entire

range of variation for such a parameter within a data set

(Childress el al.. 1990; Cowles el a!., 1991 ). Second, the

evidence for convergent evolution among genera, fami-

lies, and even phyla is strong. The origin of many of these

groups lies outside the deep sea and thus can hardly pro-

duce a phylogenetic bias. Many deep-living groups share

characteristics of chemical composition, general muscu-

lature, and physiology that all lead to decreased locomo-

tory abilities. Cowles and Childress ( 1 988) demonstrated

directly that bathypelagic mysids have weaker swimming
capabilities than do epipelagic species. Enzymatic activ-

ities provide evidence for reduced locomotory abilities

in deeper-living fishes also (Childress and Somero, 1979;

Sullivan and Somero. 1980).

Divergence of related species as a function of habitat

depth can be seen at the ordinal level among cephalo-

pods. Epipelagic squids (order Teuthoidea) are ex-

tremely active predators, and some are capable of speeds

sufficient to propel their bodies out of the water (Cole

and Gilbert. 1 970). A study on Il/e.\ illecebrosus reported

a respiration rate nearly twice as high as any cephalopod
^easured in this study (DeMont and O'Dor, 1984).

ing the teuthoids measured here, nearly 2 orders of

utude separu Gonatus onyx, a vertical migrator
ves below luOm, and Bathyteuthis ahyssicola,

lives continuously below 800 m. Similarly,

nberculala (order Octopoda), believed to be

e^ had a metabolic rate nearly 2 orders of mag-
nitui! r than that measured for the pelagic octo-

pods . 'ins pe/agicus ( captured at 700 m) and Ja-

petella diaphana (MDO= 700). Convergence of cepha-

lopods with fishes and crustaceans living at similar

depths is evidenced by both their morphology and me-

tabolism. Voss( 1967 (recognized morphological similar-

ities in cephalopods living at a given habitat depth. He
observed a decrease in mantle musculature and the ap-

pearance of a gelatinous material that formed the bulk of

the mantle in deep-living forms. In general, deeper-living

cephalopods, like fishes and crustaceans, appeared to be

relatively poor swimmers compared to their epipelagic

counterparts.

Phylogeny does, however, appear to play at least some

role in the evolution of cephalopod metabolism. Deep-

living octopods have significantly lower metabolic rates

than squids at similar depths. It appears from observa-

tions of the musculature (Roper, 1969), gill areas (Ma-

dan and Wells, 1996: Seibel and Childress, 1996), and

metabolic rates that perhaps Bathyteuthis abyssicola

leads a more active life than the deep-living octopods and

I 'ampyroteuthis infemalis. However, the metabolic rate

of B. abyssicola is still comparable to that of deep-living

fishes with sit-and-wait predation strategies (Cowles and

Childress, 1996).

The only family with representatives from a wide

range of depths measured in this study is the Cranchii-

dae. Cranchiids comprise a monophyletic group distin-

guished from other cephalopods by many unique fea-

tures (Nixon. 1983; Voss and Voss, 1983) that allow rel-

atively low metabolic rates regardless of habitat depth.

Foremost among these is the presence of a coelom. which

provides neutral buoyancy (Denton and Gilpin-Brown,

1973; Clarke et ai, 1979) and may be contracted to cre-

ate a flow of water over the gills. The mantle musculature

is rarely used and then only for escape responses (Clarke,

1962). All cranchiids are largely transparent (Clarke.

1962; Seapy and Young, 1986). which decreases the se-

lection associated with higher predation risks in higher

levels of ambient light (McFall-Ngai. 1990). When dis-

turbed, Cranchia sctibra is also capable of filling its man-

tle cavity with seawater, which effectively doubles its vol-

ume (shipboard observations). It apparently shares this

ability with at least one other cranchiid (Nixon, 1983).

This sort of defense mechanism may reduce the need for

lengthy escape swimming, and further emphasizes the

trend among cranchiids to reduce metabolic costs. The
limited data on metabolic rate and vertical distribution

suggest that metabolism may be independent of habitat

depth within this family (Fig. 3). Inclusion of the cran-

chiids does not significantly alter the slope or elevation

of the regression in Figure 1.

Buoyancy

Many midwater cephalopods possess some means of

achieving neutral buoyancy (Denton and Gilpin-Brown,
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1973; Clarke, 1988; Clarke et ai. 1979; Voight el al.,

1994), whereas most epipelagic squids are negatively

buoyant and rely on constant swimming for lift. It is con-

ceivable that the metabolic rates of midwater cephalo-

pods might be reduced simply by achieving neutral

buoyancy, and that the higher metabolic rates of epipel-

agic cephalopods result from the added cost of support in

the water column. Childress and Nygaard (1974) found,

however, that neutral buoyancy in crustaceans does not

appear to be a means of conserving energy per xe. Meta-

bolic rates were not correlated with density at a given

depth. In epipelagic waters, locomotion is apparently a

greater priority and dictates a high content of protein.

Protein, associated with locomotory muscles, provides

the density responsible for the negative buoyancy in such

epipelagic squids as Loligo sp. and Ommaxtreplies sp.

(Denton and Gilpin-Brown, 1973). Buoyancy can actu-

ally have a detrimental effect on locomotory abilities.

Buoyancy organs make animals bulkier, which increases

the energy needed for swimming at a given speed (Alex-

ander, 1990; O'Dor and Webber, 1991). Although me-

tabolism and buoyancy are certainly confounding fac-

tors, evidence suggests that the need for strong swim-

ming determines the practicality of buoyancy. The

energy required for support in the water column may be

insignificant compared to an animal's overall activity

level (Childress and Nygaard. 1974). However, when lo-

comotion is not a high priority and activity levels are rel-

atively low, the cost of support in the water column may
be large relative to that of overall activity. In such situa-

tions, neutral buoyancy may be a cost-effective option.

Among neutrally buoyant cephalopods there is still a de-

cline in metabolic rates with increasing habitat depth.

I 'ertical migration

Many organisms undergo daily vertical migrations,

spending the daylight hours at greater depths. Because

vertical migrators are never exposed to surface daylight

conditions, one might expect that light limitation on

predator/prey interactions would result in metabolic

rates more similar to those of deeper-living non-migra-

tors than of epipelagic non-migrators. In previous studies

(Childress and Nygaard, 1974), vertical migrators were

considered at their shallowest depth (MDO) because it

was the location of their primary food source. Evidence

suggests that vertically migrating fishes and crustaceans

are more similar in composition to shallow-living than

to deep-living non-migrators (Childress and Nygaard,

1974). It was suggested that vertical migrators are essen-

tially epipelagic animals that take refuge during the day

at depth. However, Gonatits sp. and Histioteuthis sp.,

both vertically migrating cephalopods, have energy

contents lower than those of epipelagic squids (Clarke et

al, 1985). The lower wet-weight-specific energy contents

in some species are believed to be a result of increased

water content, suggesting decreased locomotory abilities

in those species. As discussed previously, Voss (1967)

characterized organisms from various depths on the ba-

sis of morphological features such as body musculature,

size and shape of fins and mantle, eye size, and skin

color. He considered Histioteuthis to be a resident of the

bathypelagic zone (700-2000 m) along with Bathy-

teitthis. By his criteria, Gonatm would have been placed

in the mesopelagic zone (200-700 m), at a depth consis-

tent with its deeper daytime habitat. The vast majority

of epipelagic cephalopods exhibit some diel movements.

Loliginids and ommastrephids (among others) migrate

away from the surface during the day. A full moon, the

equivalent of daylight at 300 mdepth, has been shown

to keep some ommastrephids away from the surface at

night ( Wormuth, 1 976). This suggests that vertically mi-

grating cephalopods may be following an isolume to

which their metabolic rate may be adapted. The day and

night habitats of vertical migrators are distinctly differ-

ent, and both presumably have strong effects on the

physiology of vertically migrating organisms. Both

MDOand MDdOreveal a strong decline in cephalopod

metabolism with increasing habitat depth (Fig. 1 ).

Horizontal migration

In addition to migrating vertically, many epipelagic

squids migrate long distances horizontally. O'Dor ( 1 992)

has suggested that powerful squids have evolved to take

advantage of current systems, and that this requires

strong swimming and perhaps high metabolic rates as

well. The deep sea has relatively weak currents, which

may relieve animals from the selective pressures associ-

ated with current systems. However, this hypothesis

probably applies only to truly large and active predators,

all of which are capable of avoiding midwater trawls. Al-

though nothing is known of the horizontal migration

patterns of midwater cephalopods, none of the species

studied here appear to be powerful swimmers of the cali-

ber discussed by O'Dor (1992). Selection due to strong

currents also cannot explain the lack of a decline in me-

tabolism with depth in some phyla (cnidarians and chae-

tognaths; Thuesen and Childress, 1993a; 1994); patterns

of vertical migration through varying current strengths;

or differences in metabolic rates observed between Ha-

waii and California for shallow-water crustaceans

(Cowles et al., 1991).

Oxygen minimum layer

Another factor possibly selecting for </er metabolic

rates at depth is oxygen concentration. ! lyers of low ox-

ygen are found throughout the worlds' jceans at depths
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between 200 and 1000 m. The oxygen minimum layer

off California is particularly well developed. Partial pres-

sures of oxygen reach a minimum of about 6 mmHg be-

tween 600 and 800 m. Fischer and Bottjerf 1995) suggest

that the oxygen minimum layer provides refuge from

large predators and that low oxygen has enforced passiv-

ity in animals that live within it. Certainly some larger

predators are excluded from hypoxic waters (Carey and

Robison, 1980). Reduced predation pressure may allow

passive lifestyles. I 'ampyroteuthis infernalis is "oligoaer-

obic" found only in low oxygen, with a peak concen-

tration in the oxygen minimum layer (Pickford. 1946,

1952) and had a metabolic rate of 0.09 /umol O2 g~'

h~'. Species of the genus Japetella also live within the

oxygen minimum layer off both California and Hawaii

and are relatively inactive metabolically. However, the

mean metabolic rate of J. diaphana off Hawaii, where

the oxygen seldom drops below 20 mmHg, is not sig-

nificantly higher than that of J. hcutlii off California.

Fishes and crustaceans living below the oxygen mini-

mumlayer have been shown to have lower metabolic

rates than others living directly within (Childress, 1995).

This suggests that the low metabolic rates are not a spe-

cific adaptation to low oxygen and that passive lifestyles

are selected for at great depths regardless of oxygen
content.

Some animals possess specific adaptations to the oxy-

gen minimum layer. Gnathophausia ingcns. a deep-liv-

ing mysid, has been shown to live aerobically within the

minimum layer by being especially effective at extracting

oxygen from the water. Its ability to regulate oxygen con-

sumption to Pc>2 values as low as 3 mmHg is due in part

to its ability to maintain a high ventilatory flow and to

remove up to 50%-80% of the oxygen from the inhaled

water (Childress, 1968, 197 la; Belman and Childress,

1976). The latter ability appears to stem from a hemocy-
anin with an unusually high affinity for oxygen and co-

operativity of oxygen binding (Sanders and Childress,

1 990). Regulation of oxygen consumption was measured

in Japetella diaphana, J. heathi, Histioteuthis heteropsis.

and \ 'ampyroteuthis infernalis. Like G. ingens. both J.

heathi and V. infernalis off California can regulate oxy-

gen consumption to at least 6 mmHg. allowing aerobic

living even at the lowest environmental oxygen levels

fi >und there. Two individuals of V. infernalis regulated

essfully helow 4 mmHg. J. diaphana, however, reg-

d oxygc onsumption to a mean of 21.8 mmHg,

correspo is to the minimum environmental Po2

if 20 mmI Ig off Hawaii. Histioteuthis heteropsis,

igrates into the oxygen minimum layer during
thu as previously reported by Belman ( 1 978) to be

ini. f regulating to oxygen concentrations re-

quired obic living within the minimum layer (P c

= 20.0 rr.i ). In contrast to those earlier studies, in

our studies H. heteropsis was able to regulate its oxygen

consumption to at least 7 mmHg. The mean critical par-

tial pressure for this species was 1 1.99 2.28 mmHg.
The lowered metabolism at low temperatures may allow

aerobic living for some animals, such as H heteropsis,

migrating into the cooler waters of the oxygen minimum
layer during the day. Cowles et al. ( 199 1 ) found a strong
effect of temperature on the critical oxygen partial pres-

sures of vertically migrating crustaceans. This is consis-

tent with findings by Sanders and Childress ( 1990) that

the oxygen affinity of hemocyanin from several of these

species is temperature-dependent and increases greatly

at low temperatures.

Oxygen extraction and jet propulsion are incompati-
ble functions in cephalopods (Wells, 1988). To maxi-

mize oxygen extraction, water must be passed relatively

slowly over the gills and out the jet. Maximization of pro-

pulsion requires the ejection of water at a velocity suffi-

cient to generate the required thrust. Nautilus pompilius,

for example, can extract 20% of the available oxygen
from the ventilatory stream at rest, but only 5% or less

during active propulsion (Wells and O'Dor. 1991). Epi-

pelagic squids have maximized locomotion and are able

to extract oxygen at levels necessary to fuel high speeds

only because water flow over the gills increases as swim-

ming speed increases. Circulatory adaptations, including

enhanced unloading of oxygen at the tissues and a large

positive Bohr shift, allow efficient use of nearly all of the

oxygen taken up by the blood (Zammit. 1978). Benthic

octopods, on the other hand, have optimized oxygen ex-

traction. The respiratory pigments of octopods have a

greater affinity for oxygen than do pigments in the faster

squid and sepioid species (Brix et a/.. 1989). In addition,

their slow benthic lifestyle allows a reduction in mantle

contractions and a slow flow of water over the gills. The
decreased reliance of deep-living cephalopods on loco-

motory abilities, implied by the decline in metabolism

with depth, would, as in benthic octopods, allow a slow-

ing of the ventilatory stream and more efficient extrac-

tion of oxygen adaptations compatible with life in a re-

duced oxygen environment.

Buffering capacity

Reduced buffering capacities in mantle muscle at

depth are further evidence that locomotory abilities are

not strongly selected for in the deep sea. A high buffering

capacity allows prolonged glycolytic work such as that

required for extended burst escape responses. The sit-

and-wait predation strategies prevalent through much of

the deep sea do not require a high capacity for anaerobic

work. Differences in oxygen levels between California

and Hawaii might be expected to yield higher short-term

anaerobic capacities in animals that live in the lower ox-
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ygen habitat. A lesser oxygen supply would more quickly

lead to functional anoxia (tissue energy demand out-

strips aerobic capacity). However, no difference in was

seen between Japele/la diaphana and J. heat hi. Both spe-

cies, like Gnathophausia ingem. appear to have very lim-

ited anaerobic abilities. Buffering capacity is believed to

be an adaptable parameter that can be altered to match

metabolic function (Castellini and Somero, 1981) and

has been correlated with tissue capacity for glycolytic en-

ergy production in response to functional anoxia (Eb-

erlee and Storey, 1984). The fact that no difference was

seen between similar animals in different oxygen envi-

ronments is evidence that the reduced locomotory abili-

ties are not a response to ambient oxygen levels.

Metabolic scaling

The body size of the pelagic cephalopods measured in

this study increased with increasing MDO(largely be-

cause the large epipelagic species were not sampled). Be-

cause mass-specific metabolism has. with notable excep-

tions (DeMont and O'Dor, 1984; Thuesen and Chil-

dress, 1994), been repeatedly shown to decrease with

increasing body mass (Schmidt-Nielsen, 1 983), body size

could have significant effects on metabolic estimates

based on depth of occurrence. Scaling coefficients could

be derived for only three species: I 'ampyroteuthis injcr-

nalis. Japetella diaphana, and Histioteuthis heteropsis.

Scaling coefficients for all three (b
= -0.30, -0.27. and

-0.20 respectively) fall within the range of most animals

(Schmidt-Nielsen, 1983). Sufficient range in size and

numbers failed to yield a significant scaling relationship

for Chiroteiithis calyx. This is perhaps due to the drastic

change in body proportion from the "doratopsis" para-

larval stage, a characteristic of this genus, to adulthood

( Vecchione etal.. 1992). Significant scaling relationships

could not be derived for the remaining species, owing

either to lack of sufficient numbers of specimens or to

insufficient size ranges. Normalizing metabolic rates to

lOg, either by assuming a scaling coefficient of -0.20

(Schmidt-Nielsen, 1983) or by using measured coeffi-

cients where possible, did not have a significant effect on

the slopes of the regressions with depth. A scaling co-

efficient of approximately
-

1 .8, based on the increase in

body size with depth observed in this study, would be

required in order for size to account for the observed

variation with depth. A significant increase in body size

with depth was observed among the animals for which ft

was assayed as well. However, no significant size-scaling

was observed for buffering capacity.

Locomotory efficiency

Packard (1972) compared fish and cephalopod

"modes of life" and distinguished these organisms from

crustaceans and other molluscs in terms of their "great

ability to travel." He observed that functionally, squid

are fish. But many deep-living cephalopods actually have

much lower metabolic rates than do fishes or crustaceans

living at similar depths. The slope of the regression of 1 0-

g-corrected oxygen consumption with MDOis steeper

for cephalopods than for both fishes and crustaceans

(Fig. 2). The metabolic rates of I 'ampyroteuthis infer-

nalis and the deep-living pelagic octopods are more

comparable to those of similar-sized scyphomedusae

(Thuesen and Childress, 1994) than to those of fishes or

crustaceans. Although the rates of deep-living squids are

similar to those offish with sit-and-wait predation strat-

egies (Cowles and Childress, 1996), shallow squids have

higher rates than do fish or crustaceans at similar depths.

The slope of the regression of metabolism with depth is

steeper for teuthoids and octopods, considered sepa-

rately, than for fishes and crustaceans. More efficient lo-

comotion among deeper-living cephalopods may be re-

sponsible for this difference. Shallow-living cephalopods

rely extensively on jet propulsion to gain high speeds.

Because the energy required for thrust increases with the

velocity squared, high-speed jet propulsion is inherently

inefficient (Vogel, 1994). Yet most shallow-living squids

retain jet propulsion as the primary means of locomo-

tion (Baldwin, 1982; Hoar et a/.. 1994). Hoar et al.

(1994) did note, though, that the slower coastal species

such as the loliginids use their fins, which are large, more

actively than do the oceanic ommastrephids. which use

theii s./.a'ler fins as rudders during extremely high-speed

swimming.

Deep-living cirrate octopods have been observed using

the arms and web to swim in a manner similar to the

"bell-swimming" of medusae (Vecchione and Roper,

1991). Cirrothauma nuimiyi relies very heavily on fins

for locomotion ( Aldred el al. ,
1 983). It has also been seen

using the arms and web as a "balloon" for defense, elim-

inating costly escape swimming (Boletzky et al.. 1992).

Vampyroteuthis inferna/is, Chiroteiithis calyx, and His-

tioteuthis heteropsis, among others, have been observed

swimming primarily with fins (James Hunt, pers.

comm.). Fin- and bell-swimming are cost efficient com-

pared to jet propulsion by means of mantle contractions,

due to reduced speeds (reduced drag) and to the large

water masses (relative to body mass) being processed

(Vogel. 1994). Although their morphology suggests that

Octopoteuthis spp. (MDO= 100 m) rely heavily on fins

for swimming, limited video footage shows O de/etron

swimming with slow contractions of the m. ntle while

holding the large fins curved over the body ' that water

passes beneath them (James Hunt, pers. i omm.). The

metabolic rates of 0. deletron and ofO n Iseniare low

compared to those of other squids at siniii.tr depths. Per-

haps the curious fin posture provides s .tic lift that re-
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duces the metabolic costs associated with support in the

water column. This species also attains considerable size,

which would deter predation ( Roper et ai. 1984). Again,

among the cranchiids, where transparency has alleviated

much of the need for high-speed swimming, mantle con-

tractions are rarely used for locomotion (Clarke, 1962).

Morphology and limited shipboard observations indi-

cate that some deep-living cephalopods do utilize jet pro-

pulsion as a primary means of locomotion. At extremely

low speeds, jet propulsion may not be so costly, which

might explain the existence of slow jetters such as jelly-

fish and salps ( Vogel, 1 994). It might also explain the ex-

tremely low metabolic rates of deep-living pelagic octo-

pods. These organisms process large amounts of water

through a relatively large funnel opening, resulting in

efficient, low-speed swimming. It is also possible that

they utilize the arms and web for bell-swimming, much
as the cirrate octopods do. There is tremendous diversity

in the swimming behaviors of pelagic cephalopods but,

perhaps because high speeds are not a priority in the deep

sea, a more efficient means of locomotion is desirable.

Despite differences in their locomotory efficiencies,

buoyancy mechanisms, and structural compositions,

fishes, crustaceans, and cephalopods show similar meta-

bolic trends with depth; these trends probably reflect the

presence of highly evolved eyes in these groups. The re-

sults presented here emphasize the importance of differ-

ential selection for locomotory abilities with habitat

depth in determining the metabolic rates of organisms.

Available evidence implicates vision as a selective factor

strongly affecting the evolution of locomotory abilities.

Although one may intuitively suspect food availability

or low oxygen, the declines in both oxygen consumption
rates and pH buttering capacity of locomotory muscles

with depth in pelagic cephalopods point to a different

conclusion. These factors support the hypothesis that the

extent to which visual predator/prey interactions occur

is largely responsible for the decline in metabolic rates of

visually orienting, midwater organisms with increasing

minimum depth of occurrence. Although cephalopods
have i 'it-n been compared with fishes in discussions of

ecology d locomotion, we conclude that pelagic ceph-

alopods in the deep sea might be more appropri-

ately coni|<,- 1 with medusae in these contexts.

knowledgments

Wethank F.G. '

ichberg and A.L. Alldredge for con-

jctive comments OM the manuscript. Weare grateful

aptains, crews, and scientists aboard the research

wHorizon and Point Snr for their assistance at

sea.
'

ank R.E. Young and J. Hunt for informative

discuss concerning midwater cephalopods, and C.

Braby.
;

ly. T. vanMeeuen, J. Freytag. and B. Rab-

kin for their assistance at sea, in the laboratory, or both.

Research was supported by NSF grants OCE-94 15543

and OCE-9 1 1 555 1 to J.J. Childress.

Literature Cited

Aldrcd, R. G., M. Nixon, and J. /.. Young. 1983. Cirrothaumu miir-

rar; Chun, a finned octopod. Philn\. Trans R Soc. Loml. B30\: 1-

54.

Alexander, R. M. 1990. Size, speed and buoyancy adaptations in

aquatic animals. Am /.not 30: 189-196.

Baldwin, J. 1982. Correlations between enzyme profiles in cephalo-

pod muscle and swimming behavior. Puc Sci. 36: 349-356.

Belman, B. 1978. Respiration and the effects of pressure on the me-

sopelagic vertically migrating squid Hisli<neultus hcieropsis. Lim-

nul Occannnr. 23: 735-739.

Belman, B. \\ ., and J. J. Childress. 1976. Circulatory adaptations to

the oxygen minimum layer in the bathypelagic mysid Gnathophau-
sui ingcua. Hint. Bull 150: 15-37.

Boletzky. S. \ ., M. Rio, and M. Roux. 1992. Octopod 'ballooning'

response. Nature 356: 199.

Boucher-Rodoni, R., and K. Mangold. 1989. Respiration and nitro-

gen excretion by the squid Loligoforbesi. Mar. Bio/. 103: 333-338.

Boutilier, R. G., I. G. West, G. H. Pogson, K. A. Mesa, J. Wells, and

M. J. Wells. 1996. Nautilus and the art of metabolic mainte-

nance. AVji;v382: 534-536.

Brix, O., A. Bardgard, A. Cau, A. Colosimo, S. G. Condo, and B. Giar-

dina. 1989. Oxygen-binding properties of cephalopod blood with

special reference to environmental temperatures and ecological dis-

tribution./ E.\p /<)/ 252: 34-42.

Carey, F. G.. and B. II. Robison. 1980. Daily patterns in the activities

ofswordfish, Xiphias gladius, observed by acoustic telemetry. Fish.

Bull 79: 277-292.

Castellini, M. A., and G. N.Somero. 1981. Buffering capacity of ver-

tebrate muscle: correlations with potentials for anaerobic function.

/ Camp. Phyxinl. 143: 191-198.

C'hildress, J.J. 1968. Oxygen minimum layer: vertical distribution

and respiration of the mysid Gnalhophausia ingcns. Science 160:

1242-1243.

Childress, J. J. 1971a. Respiratory adaptations to the oxygen mini-

mumlayer in the bathypelagic mysid (.inullinpliaiixia ingcns. Bin/

Hull 141: 109-121.

C'hildress, J.J. 1971 b. Respiratory rate and depth of occurrence of

midwater animals. Limnol. Oceanogr. 16: 104-106.

Childress, J. J. 1975. The respiratory rates of midwater crustaceans

as a function of depth occurrence and relation to the oxygen mini-

mumlayer off Southern California. Coinp. Biochem. Pliysinl 50A:

787-799.

C'hildress, J. J. 1995. Are there physiological and biochemical adap-

tations of metabolism in deep-sea animals? Trends Ecu/, /-.'m/ 10:

30-36.

C'hildress, J.J., and T.J. Mickel. 1980. A motion compensated ship-

board precision balance system. Deep-Sea Res 27A: 965-970.

C'hildress, J. J., and T. J. Mickel. 1985. Metabolic rates of animals

from the hydrothermal vents and other deep-sea habitats. Bin/. Sac.

li'iis/i Bull 6:249-260.

C hildress, J. J., and M. II. Nygaard. 1974. The chemical composi-

tion and relative buoyancy of midwater crustaceans as a function of

depth off Southern California. Mar. Bin/ 21: 225-238.

Childress, J. J., and G. N. Somero. 1979. Depth related enzymic ac-

tivities in muscle, brain and heart of deep-living pelagic marine te-

leosts. Mar. Biol 52: 273-283.

C'hildress. J. J., and E. V. Thuesen. 1993. The effect of hydrostatic



METABOLISMOF PELAGIC CEPHALOPODS 277

pressure on the metabolic rates of six species of gelatinous zoo-

plankton. Limnol. Oceanogr. 38: 665-670.

Childrcss, J. J., A. T. Barnes. L. B. Quetin, and B. II. Robison. 1978.

Thermally protecting cod ends for recover, of living deep-sea ani-

mals. Deer-Sea Res. 25: 419-422.

Childress, J. J., D. L. Cowles, J. A. Favuzzi, and T. J. Mickel. 1990.

Metabolic rates of benthic deep-sea decapod crustaceans decline

with increasing depth primarily due to the decline in temperature.

Deep-Sea Res. 37: 929-949.

Clarke. A., M. R.Clarke, I.. J.Holmes.andT. D. Waters. 1985. Calo-

rific values and elemental analysis of eleven species of oceanic

squids (Mollusca: Cephalopoda). / Mar. Biol. Assoc. I'.k. 65: 983-

986.

Clarke, M. R. 1962. Respiratory and swimming movements in the

cephalopod Cranclua seabra. Nature 196: 35 1-352.

Clarke, M. R. 1988. Evolution of buoyancy and locomotion in recent

cephalopods. Mollusca 12: 203-213.

Clarke. M. R., E. J. Denton. and J. B. Gilpin-Brown. 1979. On the

use of ammonium for buoyancy in squids. J. Mar. Biol. Assoc. I K
59: 259-276.

Cole, S. K.. and D. L. Gilbert. 1970. Jet propulsion of squid. Biol.

Bull 138: 245-246.

Cowles, D. L., and J. J. Childress. 1988. Swimming speed and oxy-

gen consumption in the baths pelagic mysid Gnathophausia ingen.s.

Biol. Bull. 175: 111-121.

Cowles, D. L., and J. J. Childress. 1996. Aerobic metabolism of the

anglerfish Melanocetusjohnsoni, a deep-pelagic marine sit-and-wait

predator. Deep-Sea Res 42: 1 63 1
-

1 638.

Cowles, D.C., J.J. Childress, and M. E. Wells. 1991. Metabolic

rates of midwater crustaceans as a function of depth of occurrence

offthe Hawaiian Islands: food availability as a selective factor? Mar

Bil. 110:75-83.

DeMont, M. E., and R. K. O'Dor. 1984. The effects of activity, tem-

perature and mass on the respiratory metabolism of the squid. Illcx

illeeebrosns. J. Mar Biol. Assoc. i'K 64: 535-543.

Denton, E. J., and J. B. Gilpin-Brown. 1973. Floatation mechanisms

in modern and fossil cephalopods. Adv. Mar Biol. 11: 197-268.

Donnelly, J., and J. J. Torres. 1988. Oxygen consumption of mid-

water fishes and crustaceans from the eastern Gulf of Mexico. Mui

Biol. 97: 483-494.

Eberlee. J. C., and K. B. Storey. 1984. Buffering capacities of the tis-

sues of marine molluscs. Physiol. Zool. 57: 567-572.

Finke, E., H. O. Portner, P. G. Lee, and D. M. Webber. 1996. Squid

(Lolliguncula hrevis) life in shallow waters: oxygen limitation of me-

tabolism and swimming performance. J. Exp. Biol 199: 91 1-921.

Fischer, A.G., and D. J. Bottjer. 1995. Oxygen-depleted waters: a

lost biotope and its role in ammonite and bivalve evolution. A'. Jh

Geol. Palaont Ahh. 195: 133-146.

Fleisher, K. J., and J. F. Case. 1995. Cephalopod predation facili-

tated by dinoflagellate luminescence. Biol. Bull. 189: 263-27 1 .

Grieshaber, M.. and G. Gade. 1976. The biological role of octopine

in the squid. Luligo vu/garis (Lamarck). J. Comp. Physiol. 108:

225-232.

Harvey, P. H., and M. D. Pagel. 1991. The Comparative Method in

Evolutionary Biology. Oxford University Press. NewYork. 239 pp.

Herring, P. J., P. N. Dilly, and C. Cope. 1994. The bioluminescent

organs of the deep-sea cephalopod Vampyroteulhh inlemalis

(Cephalopoda: Vampyromorpha). J. Zool. Land. 223:45-55.

Hoar, J. A., E. Sim, D. M. Webber, and R. K. O'Dor. 1994. The role

of fins in the competition between squid and fish. Pp. 27-43 in Me-

chanics ami Physiology of Animal Swimming. L. Maddock. Q.

Bone, and J. M. V. Rayner. eds. Cambridge University Press, New-

York.

Ikeda. T. 1988. Metabolism and chemical composition of crusta-

ceans from the Antarctic mesopelagic zone. Deep-Sea Res. 35:

1991-2002.

Kerfoot, W. B. 1970. Bioenergetics of vertical migration. Am. Nat.

104: 529-546.

Lu, C. C., and C. F. E. Roper. 1979. Cephalopods from deepwater

dumpsite 106 (western Atlantic): vertical distribution and seasonal

abundance. Smilhson. Contrih. Zool. 288: 1-36.

Madan, J. J., and M. J. Wells. 1996. Whysquid breathe easy. Nature

380: 590.

Marshall, N. B. 1979. Developments in Deep-Sea Biology. Blandford

Press. Poole. England. 566 pp.

McFall-Ngai, M. J. 1990. Crypsis in the pelagic environment. Am.

Zool. 30: 175-178.

Mickel, T. J., L. B. Quetin, and J. J. Childress. 1983. Construction

of a polarographic oxygen sensor in the laboratory. Pp. 81-89 in

Polamgruphic Oxygen Sensors. E. Gnaiger and H. Forstner. eds.

Springer-Verlag. Berlin.

Nixon, M. 1983. Teiithonvnia megalops. Pp. 233-247 in Cephalopod

Life Cycles P. R. Boyle, ed. Academic Press, London.

O'Dor, R. K. 1982. The respiratory metabolism and swimming per-

formance of the squid. Loligo opulescens. Can. J. Aauat. Sci. 39:

580-587.

O'Dor. R. K. 1992. Big squid in big currents. 5. Afr. J Mar. Sci. 12:

225-235.

O'Dor, R. K., and R. E. Shadwick. 1989. Squid, the Olympic cepha-

lopods. ./ Ceph. Biot 1:33-54.

O'Dor, R. K., and D. M. Webber. 1986. The constraints on cephalo-

pods: why squid aren't fish. Can. J Zool. 64: 1591-1605.

O'Dor, R. K., and D. M. Webber. 1991 . Invertebrate athletes: trade-

offs between transport efficiency and power density in cephalopod

evolution. J. Exp. Biol. 160: 93-1 12.

O'Dor, R. K., J. Wells, and M. J. Wells. 1990. Speed, jet pressure,

and oxygen consumption relationships in free-swimming .\aiililtts

J. Exp. Biol. 154: 383-396.

Packard, A. 1972. Cephalopods and fish: the limits of convergence.

Biol. Rev 47:241-307.

Pickford, G. E. 1946. I 'ampyroteiil/us inlemalis Chun, an archaic di-

branchiate cephalopod. 1: Natural history and distribution. Dana-

Rep 29: 1-40.

Pickford, G. E. 1952. The Vampyromorpha of the Discovery expedi-

tions. Discovery Rep 26: 197-210.

Portner, H. O., D. M. Webber, R. K. O'Dor, and R. G. Boutilier. 1993.

Metabolism and energetics in squid (Illex illecehrosns. Loligo

pealei) during muscular fatigue and recovery. Am. J. Physiol 265:

R157-R165.

Roper, C. F". E. 1969. Systematics and zoogeography of the

worldwide bathypelagic squid Balhyteuthis (Cephalopoda: Oegop-

sida). L'. S Nat. Mus. Bull. Washington D.C. 291.

Roper, C. F. E., and R. E. Young. 1975. Vertical distribution of pe-

lagic cephalopods. Smnhson. Contrih. Zool 209: 1-51.

Roper, C. F. E., M. J. Sweeney, and C. E. Nauen. 1984. l-'AO Species

Catalogue. I'ol. 3 Cephalopods of the World. An Annotated and

Illustrated Catalogue o/ Species ol Interest to Fisheries. 277 pp.

Sanders. N. K., and J. J. Childress. 1990. Adaptations to the deep-

sea oxygen minimum layer: oxygen binding by the hem<v\anin of

the bathypelagic mysid. Gnalhophaiisia ingen.s Dohrn liiol. Bull

178:286-294.

Schmidt-Nielsen, K. 1983. Animal Physiology: Adapt. " and I-'nn-

ronment. Cambridge University Press. Cambridge. < ' ^ pp.

Seapy, R. R., and R. K. Young. 1986. Concealmenl i pipelagicpter-

otracheid heteropods (Gastropoda) and cranchiiu quids (Cephalo-

poda). J. Zool. 210: 137-147.

Seibel, B. A., and .I.J. Childress. 1996. Deer-breathing cephalo-

pods
11 Nature 384: 42 1 .



278 B. A. SEIBEL ET AL.

Smith, K. L., and R. R. Hessler. 1974. Respiration of benthopelagic

fishes: in silii measurements at 1 230 m. Science 184: 72-73.

Sullivan. K. M., and G. N. Somero. 1980. Enzyme activities of fish

skeletal muscle and brain as influenced by depth of occurrence and

habits of feeding and locomotion. Mar. Biol 60: 91-99.

Sweeney, M. J., C. F. E. Roper, K. M. Mangold, M. R. Clarke, and

S. V. Boletzky. 1992. "Larval" and juvenile cephalopods: a man-

ual for their identification. Smilhson. Contnh. Zoo! 513: 282.

Thuesen, E. V., and J. J. Childress. I993a. Enzymatic activities and

metabolic rates of pelagic chaetognaths: lack of depth-related de-

clines. Limnol. Oceanogr. 38: 935-948.

Thuesen, E. V., and J. J. Childress. 1993b. Metabolic rates, enzyme
activities, and chemical compositions of some deep-sea pelagic

worms, particularly Nectonemenes mirabilis (Nemertea; Hoplo-

nemertinea) and Poeobius meseres (Annelida; Polychaeta). Deep-

Sea Res. 140:937-951.

Thuesen, E. V., and J. J. Childress. 1994. Respirator, rates and met-

abolic enzyme activities of oceanic California medusae in relation

to body size and habitat depth. Biol Bu/l. 187: 84-98.

Torres, J. J., and G. N. Somero. 1988. Vertical distribution and me-

tabolism in antarctic mesopelagic fishes. Com/' Biochem. Physiol.

908:521-528.

Torres, J. J., B. W. Belman, and J. J. Childress. 1979. Oxygen con-

sumption rates of midwater fishes as a function of depth of occur-

rence. Deer-Sea Rex. 26A: 185-197.

Vecchione, M., and C. F. E. Roper. 1991. Cephalopods observed

from submersibles in the Western North Atlantic. Bull Mar Sci.

49:433-445.

Vecchione, M., B. II. Robison, and C. F. E. Roper. 1992. A tale of two

species: tail morphology in paralarval Chirotcut/iis (Cephalopoda:

Chiroteuthidae). Pr,n Biol Soc llas/i 105(4): 683-692.

Voight, J. R., H. O. Former, and R. K. O'Dor. 1994. A review of am-

monia-mediated buoyancy in squids (Cephalopoda: Teuthoidea).

Mar. Fresh Behav Phyxiol. 25: 193-203.

Vogel, S. 1994. Life in Moving Fluids. Second Edition. Princeton

University Press. Princeton. 467 pp.

Voss, G. L. 1967. The biology and bathymetric distribution of deep-

sea cephalopods. Stud. Trap. Oceanogr. 5: 5 1 1-535.

Voss, N. A., and R. S. Voss. 1983. Phylogenetic relationships in the

cephalopod family Cranchiidae (Oegopsida). Malacologia 23(2):

397-426.

Wells, M. J. 1988. Oxygen extraction and jet propulsion in cephalo-

pods. Can. J. Zoo/. 68: 8 1 5-824.

Wells, M. J.. and R. K. O'Dor. 1991. Jet propulsion and the evolu-

tion of the cephalopods. Bull Mar. Sci. 49:419-432.

Wells, M. J., J. Wells, and R. K. O'Dor. 1992. Life at low oxygen
tensions: the behaviour and physiology of Nautilus pompilius and

the biology of extinct forms. J. Mar. Biol. Assoi: L'.fi. 72: 313-

328.

\\ormuth, J. II. 1976. The biogeography and numerical taxonomy
of the oegopsid squid family Ommastrephidae in the Pacific Ocean.

Bull. Scrip/is Ins/ Oceanogr L'niv. Calif. 23.

Young, R. E. 1972. The systematics and areal distribution of pelagic

cephalopods from the seas off southern California. Smithson. Con-

inh /.i>i>l 97: 1-159.

Young, R. E. I975a. l.eachia pacijica (Cephalopoda, Teuthoidea):

spawning habitat and function of the brachial photophores. Pac.

Sci. 29: 19-25.

Young, R. E. 1975b. Transitory eye shapes and the vertical distribu-

tion of two midwater squids. Pac. Sci. 29: 243-255.

Young, R. E. 1978. Vertical distribution and photosensitive vesicles

of pelagic cephalopods from Hawaiian waters. Fish Bull 76: 583-

615.

Yuung, R. E., E. M. kampa, S. D. Maynard, F. M. Mencher, and

C. F. E. Roper. 1980. Counterillumination and the upper depth
limits of midwater animals. Deep-Sea Res 27A: 67 1 -69 1 .

Annum. V. A. 1978. Possible relationship between energy metabo-

lism of muscle and oxygen binding characteristics of haemocyanin
of cephalopods. J. Mar Biol.Assoc. V K 58:421-424.


